Abstract In sensorimotor adaptation, explicit cognitive strategies are thought to be unnecessary because the motor system implicitly corrects performance throughout training. This seemingly automatic process involves computing an error between the planned movement and actual feedback of the movement. When explicitly provided with an effective strategy to overcome an experimentally induced visual perturbation, people are immediately successful and regain good task performance. However, as training continues, their accuracy gets worse over time. This counterintuitive result has been attributed to the independence of implicit motor processes and explicit cognitive strategies. The cerebellum has been hypothesized to be critical for the computation of the motor error signals that are necessary for implicit adaptation. We explored this hypothesis by testing patients with cerebellar degeneration on a motor learning task that puts the explicit and implicit systems in conflict. Given this, we predicted that the patients would be better than controls in maintaining an effective strategy assuming strategic and adaptive processes are functionally and neurally independent. Consistent with this prediction, the patients were easily able to implement an explicit cognitive strategy and showed minimal interference from undesirable motor adaptation throughout training. These results further reveal the critical role of the cerebellum in an implicit adaptive process based on movement errors and suggest an asymmetrical interaction of implicit and explicit processes.
Introduction
When learning a new motor skill, the output of the motor system is adjusted following movement errors. A paradigmatic approach to examine this process is to induce an angular mismatch between vision and proprioception during reaching [1] . Adaptation to a visuomotor rotation is seemingly automatic and gradual [2] . Nonetheless, when the errors are large, participants are aware that the stimulusresponse mapping has been perturbed, and this may lead them to explore a compensatory strategy. Indeed, when participants are made aware of task manipulations, strategies can facilitate performance [3] [4] [5] , leading to the idea that strategic and adaptation processes may work in concert.
Studies of visuomotor adaptation have generally not controlled or manipulated strategic processes: The generation and use of a strategy has been left up to the prerogative of the participant and probed in post-experimental interviews. Participants find it hard to verbalize use of a strategy and their descriptions tend to be highly idiosyncratic. Taking a more direct approach, Mazzoni and Krakauer [6] provided an explicit strategy to facilitate learning of a visuomotor rotation. Participants were instructed that they could minimize the perturbing effects of the rotation by aiming at a landmark that was shifted in the opposite direction (and angular size) as the rotation. This strategy was immediately effective in counteracting the rotation.
However, the participants exhibited a surprising increase in errors over time. This counterintuitive behavior was attributed to an implicit adaptation process that utilizes a movement error signal resulting from the mismatch between the strategic aiming location and visual feedback of the hand [6] . The persistent adaptation of the motor system to reduce this error resulted in learning that was counterproductive to good task performance. This profileone in which performance actually becomes worse with practice-suggests a strong segregation of explicit and implicit learning processes [7] .
Traditionally, the cerebellum has been hypothesized as a critical site for computing movement errors essential for implicit adaptation. Patients with cerebellar pathology exhibit impairments in sensorimotor adaptation tasks, with their performance marked by persistent error and reduced aftereffects [8] [9] [10] [11] . In most conditions, the deficit is not absolute, with the patients showing some degree of adaptation. While this may reflect the operation of spared tissue within the cerebellum, it has been proposed that the patients' spared learning may be largely driven by the adoption of a cognitive strategy, invoked to offset the impairment in error-based adaptation [8] .
When strategic control processes and implicit adaptation work in tandem, it is difficult to isolate the contribution of explicit and implicit processes. In contrast, the strategic visuomotor rotation task introduced by Mazzoni and Krakauer [6] is perfectly suited to isolate the effects of explicit and implicit learning processes, given that the task design puts these processes in opposition to one another. This task has the additional feature that errors related to implicit adaptation progressively increase as training continues, a pattern opposite to that observed in typical studies of motor learning. If cerebellar pathology selectively disrupts implicit adaptive processes that utilize movement errors, then the patients would be expected to show more accurate and stable performance than control participants.
Materials and Methods

Participants
We recruited ten patients (average age=49.7, SD=13.7) with spinocerebellar ataxia (SCA) and ten age/gendermatched controls (57.2, SD=7.81) with no known neurological conditions (Table 1 ). While all of the patients presented clinical evidence consistent with a diagnosis of cerebellar ataxia, the etiology was mixed. Three had confirmed genetic subtyping (two with SCA7 and one with SCA6). Three patients reported a family history of ataxia, but genetic testing had failed to identify a specific subtype. The other four patients had cerebellar ataxia of unknown origin, termed sporadic adult onset ataxia (SAOA), with no known family history.
The International Cooperative Ataxia Rating Scale (ICARS) [12] was administered to assess the severity of the ataxia and was scored independently by two trained individuals. The mean ICARS score was 23.6 (SD=11.9), with the individuals exhibiting mild to moderate levels of ataxia. The neurological exam also allowed us to exclude individuals with overt signs of extracerebellar pathology (e.g., Parkinson-like symptoms).
The patients also completed a series of neuropsychological assessments, with the tests selected to provide an assessment of dementia and frontal lobe function given that the task required the retained use of a strategy (Table 1) . This abbreviated battery included the Mini-Mental State Examination (MMSE) [13] to assess dementia, the Tool for Real-time Assessment of Information Literacy Skills (TRAILS) test [14] to assess attention and working memory, and the National Adult Reading Test (NART) [15] to assess intelligence. None of the patients had any indication of dementia (all MMSE scores >28), and as a group, they exhibited above average intelligence (NART estimate: mean=110.3, SD=5.15). As a group, they scored within normal limits on the TRAILS test part A (mean z score, relative to published norms= −0.15, SD=1.14) and part B (mean z= −0.61, SD=1.44).
The protocol was approved by the university's institutional review board, and participants provided informed consent. Participants were reimbursed for their time and travel.
Procedure
The participants made horizontal reaching movements, sliding their hand along the surface of a table in an attempt to reach a visually displayed target. The target was displayed on a 15-in. LCD computer monitor (1,280× 1,024 pixel resolution) horizontally mounted 25.4 cm above the table. With this arrangement, vision of the hand was occluded. The movements were tracked by a 3D motion tracking system (miniBIRD, Ascension Technology, Burlington, VT, USA; sampling rate=138 Hz) with a sensor placed on the tip of the index finger. While the motion tracking system has a spatial resolution of approximately 0.05 cm, the monitor limited the actual resolution to 0.10 cm/pixel.
On each trial, eight blue circles, 10 cm from the starting location and separated by 45°, were presented on the monitor. A green circle, the target, appeared at one location (Fig. 1a ). Participants were instructed to make ballistic-style movements and reach through the target [9] . Feedback was provided by a red cursor that appeared at the position where the hand crossed an invisible ring (10 cm radius). The feedback cursor served as the only source of on-line feedback. Following a feedback interval of 1,000 ms, the participants were guided back to the starting position by a white circle whose radius corresponded to the distance of the hand from the starting position. A 2-cm circular piece of felt was attached on the table to help the participants identify the start position. When the hand was within 1 cm of the start position, a red cursor appeared at the position of the hand. Once the cursor was at the starting position for 500 ms, the next target appeared. The ordering of the target locations was pseudorandom such that each target location appeared once every eight trials. The target, start region, and feedback cursor were all small circles, 0.8 cm in diameter.
Participants made a total of 244 movements, divided into a series of blocks ( Fig. 1-lower) . For the first three blocks, no rotation was imposed. In an initial baseline block of 24 trials, participants were instructed to reach toward the green target. The participants were then taught to use a 45°c lockwise (CW) strategy. For this strategy-only block of 24 trials, they were instructed to aim to the blue circle (aiming target) that was adjacent in the clockwise direction from the cued, green target. The red feedback cursor was presented at the true position at which the hand intersected the target ring (i.e., near the aiming target). This strategy-only block was included to make sure that participants understood the aiming instructions that would be required when the rotation was introduced later in the experiment. Following this block, participants completed a second baseline block of 24 trials in which they again aimed for the cued, green target.
The rotation phase began immediately at the end of the second baseline block. For these trials, the position of the feedback cursor was shifted by −45°counterclockwise (CCW rotation) from the actual hand position. The rotation was introduced without warning and was highly salient given that the red feedback circle now appeared close to the blue circle located CCW from the cued, green target. After two rotation-only trials, the participants were informed that they could cancel out the rotation by using the strategy that they had learned in the strategy-only block. That is, to offset the rotation, they should reach to the blue target 45°C W to the green target. The rotation+strategy block consisted of 80 trials, ten to each of the eight targets. The final phase of the experiment was used to assess aftereffects. Participants were told that the rotation was no longer going to be applied and that they should again aim to the green target. For the first eight trials, the red feedback dot was not displayed. This allowed us to assess the magnitude of adaptation in the absence of a strategy and without further trial-by-trial learning. Following this, the participants performed 80 more trials in which the red feedback was visible, allowing for deadaptation.
Data Analysis
Kinematic information was analyzed with Matlab (MathWorks, Natick, MA, USA). Endpoint error was computed as the angle of the hand at 10 cm, relative to a straight line connecting the starting position and the target (green circle except for the strategy-only block). To quantify peak drift on an individual basis, we averaged the error over each set of eight movements (one movement per target). Peak drift was defined as the bin with the maximum angular error during the rotation block. These bins were then averaged across participants. Movement onset was defined by identifying the maximum velocity and scanning the kinematic record backward to identify the last sign reversal in the velocity record. Movement time was defined as the interval between movement onset and when the hand crossed the virtual target ring. As a measure of movement curvature, we computed the absolute area between the actual hand path and a straight-line path from the start position to the target. Our estimates of the variance are reported as the 95% confidence interval of the mean. Target errors for these two participants across the phases of the experiment: second baseline phase (black), rotation phase (blue; between vertical dashed lines), washout without feedback (magenta), and washout with feedback (cyan). The rotation was turned on without warning for two movements (red) before the participants were instructed to use a strategy to counteract the rotation. Lower Participants performed 244 movements throughout seven phases of the experiment
Results
As a group, the ataxics tended to move slightly slower than controls (312±57.6 vs. 273±45.3 ms), but this difference was not significant (F 1, 18 =1.8, p=0.20). Movements were approximately straight for both groups, with a slight bias in the CCW direction. In the baseline block, in which no rotation was present and endpoint feedback was veridical, there was no difference in endpoint accuracy between the patients and controls (F 1, 18 =1.10, p=0.31) , and the degree of curvature was only marginally larger in the ataxic group compared to the controls (F 1, 18 =3.17, p=0.09). Participants had little difficulty in adopting the 45°CW strategy, indicating that they were able to understand and implement the instructions. Averaging over the last eight movements of the strategy-only block, the mean headings for the ataxic patients and controls were 43.3±1.5°and 44.5±1.4°, respectively (F 1, 18 =1.47, p=0.24). Figure 1a , b shows the mean trajectories during the baseline (black) and strategy-only (orange) blocks for a representative control participant and individual with ataxia.
After the strategy-only block, participants completed a second round of baseline movements (Fig. 1c, d -black). The visuomotor rotation was then introduced without warning. As expected, this resulted in an error of approximately −45°( in cursor space) for both groups (Fig. 1c, d-red) . After two movements with this rotation, we instructed the participants that they could counteract the rotation-induced displacement and thus minimize their error, by adopting an explicit "corrective" strategy of aiming to the blue circle located 45°CW from the target. Initial use of the strategy was very effective for the ataxics and controls. The mean endpoint error over the first eight reaches was 2.5±1.7°and 1.9±2.0°f or the patients and controls, respectively.
As training continued, the control participants became less accurate (see Fig. 1c for representative participant, group averages in Fig. 2a) . The increase in endpoint error was manifested as a drift in the direction of the strategy reaching a maximum of 11.3±2.2°in the CW direction (t 9 = 9.80, p<0.001). While the ataxic patients also exhibited drift, with the error rising to 5.9±1.9°in the CW direction (t 9 =6.13, p<0.001), the magnitude of this effect was approximately half that observed for the controls (F 1, 18 = 12.9, p=0.002). The patients had no difficulty maintaining the strategy during the entire rotation block. Thus, given their reduced drift, their overall performance during the rotation + strategy block, as measured by endpoint error, was less for the patients with ataxia compared to the controls (F 1, 18 =6.02, p=0.02) .
Given that drift occurred in a gradual and relatively continuous manner during the 80 trials of the rotation+strategy block (see also Mazzoni and Krakauer [6] ), we fit the data from this block with a linear function to quantify the rate of drift as well as the initial bias (i.e., the intercept of the regression). Figure 2b displays the individual values for drift rate, as well as the group means. The drift rate for the control group was significantly greater than zero (t 9 =3.92, p=0.004); the rate was only marginally greater than zero for the ataxic group (t 9 =2.09, p=0.066). A comparison of the two groups revealed a reliable increase in drift rate for the controls (t 18 =2.45, p=0.025). There was no difference between the groups in terms of the initial bias (t 18 =0.83, p=0.42).
After the rotation+strategy block, the participants were told that the rotation had been turned off and that they should now move directly to the green target. To assess the degree of implicit adaptation in the absence of further learning, we did not provide feedback for the first eight movements (Fig. 2a-magenta) . The movement heading of the ataxia patients was 0.3°±1.6°. This aftereffect is significant when compared to the baseline heading (t 9 =3.23, p=0.01), but not when compared to the target (t 9 =0.38, p=0.71). The aftereffect for the control group was larger, averaging 6.2°±2.4°, a significant shift when compared to the baseline (t 9 =7.21, p< 0.001) or target (t 9 =5.18, p<0.001). A comparison between the two groups confirmed that the aftereffect was significantly greater for the controls compared to the patients (F 1, 18 =16.7, p<0.001). 
Discussion
Learning curves on a range of motor tasks exhibit two stereotypical phases, an initial rapid decrease in movement errors followed by a gradual phase in which performance continues to improve until reaching asymptote [16] . Here, we bypassed the rapid phase of this process by providing an explicit strategy that allowed participants to immediately counteract the visuomotor rotation. This strategy allowed participants to immediately succeed in meeting the task goal. Nonetheless, the processes underlying learning in the gradual phase continued to operate, at least for the control participants. This obligatory motor adaptation led to a reverse learning curve in which task performance degraded with continued training, similar to that observed in young control participants [6] .
Motor adaptation is most likely a combination of explicit and implicit processes when participants are aware of movement errors. Our participants were all aware of the rotation and successfully able to employ a strategy that allowed them to compensate for the rotation. The drift, reflecting a gradual deterioration in performance during extended training with the strategy, arises from the operation of implicit processes. Less clear is participants' awareness of this drift and any adjustments they may have made to compensate for the drift. By the end of training, the drift was substantial in most of the participants in the control group (over 10°). The participants may have become aware of their poor performance and modified their strategy in an attempt to offset the drift. Indeed, as the errors increased, some of the participants verbalized their frustration with missing the target and one reported modifying his strategy to reach to an implicit location that was slightly less than 45°in the CW direction.
The patients with cerebellar degeneration were also able to employ the explicit strategy to counteract the visuomotor rotation. In contrast to the controls, the performance of these individuals remained relatively stable over the course of training. They showed attenuated drift and a minimal aftereffect. Both of these observations are consistent with the hypothesis that the contribution of the cerebellum in this task is limited to those processes associated with implicit adaptation based on movement errors. In the absence of implicit adaptation, the patients were able to maintain accurate performance throughout training by using a stable strategy.
As can be seen in Fig. 2b , there was considerable individual variability in drift rate for both the controls and patients. Exploratory analyses failed to identify factors that might account for this variance. We did not observe an effect of either age or gender on drift rate for either the controls or ataxics. Within the patient group, drift rate did not correlate with number of years since ataxia onset (r=0.08, p=0.40) and showed only a weak trend to be positively related to the severity of ataxia as assessed by the ICARS score (r= −0.21, p=0.18). While various cognitive factors [17] [18] [19] such as spatial working memory capacity [20] have been shown to account for individual differences in adaptation tasks that do not entail explicit strategies, we failed to observe any correlations between drift rate and the various neuropsychological measures in our patient group.
Previous research has demonstrated that patients with damage to the cerebellum are impaired across a range of tasks involving sensorimotor adaptation, including reaching in force fields [10, 21] , prism adaptation [8] , and visuomotor rotations [10, 11] . Our results are in accord with these findings, providing a novel and, in some ways, a cleaner demonstration of a cerebellar-related deficit in adaptation given that drift provides an uncontaminated signature of implicit learning. In previous studies, an impairment in motor adaptation was associated with poor task performance and, correspondingly, persistent error signals. This negative feedback might lead to volitional changes in performance, making it difficult to discern the locus of impairment. In the current study, the learning deficit is revealed by task performance that is actually better than that exhibited by the control group. As such, a deficit in error-based learning is inferred by error-free performance.
Moreover, the current work provides compelling evidence of a strong dissociation between processes involved in strategic learning and those involved in implicit adaptation, linking the cerebellar contribution solely to the latter component. Previous work had suggested these two learning systems may work in tandem [5, 22, 23] , perhaps with explicit strategies providing a means to bootstrap adaptive processes. When these processes are pitted against one another as in the current task, the control data show that the implicit system continues to operate, even when it is maladaptive. Indeed, the control participants were puzzled to observe their performance deteriorate over time.
When given the explicit strategy, the patients immediately performed with minimal task error. In contrast, if patients with cerebellar degeneration are not provided with an explicit strategy, they show poor adaptation [8, 10, 11] . This raises a puzzling question: If patients with cerebellar degeneration can effectively use an explicit strategy when instructed, why do they generally fail to spontaneously develop compensatory strategies [24] ?
This paradox suggests that, while an explicit strategy does not influence implicit adaptation, the converse may not be true: Implicit processes may influence explicit strategies. Typically the induced visual errors in visuomotor rotation studies are quite large, ranging from 30°to 60° [10, 11] , and the patients are aware of their poor performance. However, given the complex rotational pattern of the errors, generating a successful strategy may not be obvious. The error pattern would need to be maintained in working memory to decipher the appropriate strategy.
Sequence-learning deficits associated with cerebellar degeneration have been attributed to an impairment in working memory processes for maintaining stimulusresponse representations [25] . A similar involvement of working memory may be present in visuomotor rotation [20] and force field adaptation [26] tasks when there are large errors. Thus, damage to the cerebellum may not only disrupt implicit adaptation but may also disrupt the generation of cognitive strategies [27] , assuming that this error information is a prerequisite for the self-generation of a compensatory strategy. This hypothesis offers one account of why patients with cerebellar degeneration show a greater impairment in learning to compensate for an abrupt and large force field perturbation, compared to when the perturbation is introduced gradually [26] . Importantly, when an appropriate strategy is explicitly provided, this interaction between implicit and explicit systems is no longer required. In sum, the current results suggest that implicit and explicit processes may not be independent, but rather that implicit mechanisms can inform processes involved in explicit control.
